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Setting the scene



Production of Heavy Unstable Particles by Negative Pions*

W. B. Fowier, R. P. Snott, A. M. Tnorsmxke, axp W. L. WHITTEMORE
Brookhaven National Laboratory, Uplon, New York

{Received November 10, 1953)
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PHYSICAL REVIEW VOLUME 97, NUMBER 5§ MARCH 1, 1955

Behavior of Neutral Particles under Charge Conjugation

M. GELL-MANN,* Department of Physics, Columbia University, New York, New York
AND

A. Pais, Institute for Advanced Study, Princeton, New Jersey
(Received November 1, 1954)

At any rate, the point to be emphasized 1s this: a
neutral boson may exist which has the characteristic 6°
mass but a lifetime 7 and which may find its natural
place in the present picture as the second component of
the 6° mixture. .

One of us, (M. G.-M.), wishes to thank Professor E.

Fermi for a stimulating discussion.
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Decay of = Mesons of Known Charge*y}

R. H. Davnrrzd
Laboralory of Nuclear Studies, Cornell Universily, Ithaca, New York

(Received February 9, 1054)

@® - Completely identified emulsion events

B - Cloud chamber events

O - Events identifioble if ossume
¥+ decay

X - Events ambiguous even if
gssume r"' decay

oF

The tau-theta puzzle

O

F1G. 3. The data on r-meson decay events in which the signs of
s-meson charges are established.



The 3 Bev Cosmotron




Cross Sections of Nuclei for High-Energy Pions*

J. W. CroniN, R. Coor, AND A. ABASHIANT
Brookhaven National Laboratory, U pton, New YVork

(Received May 14, 1957)
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1957 Wintor Mecting in the West, Stanfurd Univiesty, Stanford, Calilornin, Decembor 19-21, 1050

HE 1957 winter meeting on the Pacitic Coast
will he held on the campus of Stanford Uni-
versity on Thurslay, Friday, aml Saturdoy, De-
cember 19, 20, and 2L, Trudition Lius been violated
in that the meeting will be helid a week beloee
Christmas instend of during the Christmas recess.
This oocurs because of the adjacent conlerence on
e bear sizes, also 1o be Lekl at Stanford during the
same week, [t was fele that it woukl be better to
have the two meetings as close together as is
reasonable. This will e a weele of whar is probably
the greatest eonpentration of physics mectings o
the West Coast.[The Nuclear Sizes moelings will be
chd o Tuesday, Wednesday. and Thursday,
December 17, 18, and 19.J0n Monday, December
16, of the same week, there will be a symposiam oo
Magnetohydrodynamies, wrvanged by the Lockheed
Aircraft Corporation, Migzilee Svetems Divigion, in
Falo Alvo.




Discovery of long lived neutral K meson

L/// KX LEAD SHIELD

CONCRET SHIELD

/ — | FOOT
/4

COPEER CLOUD

/TARGET CHAMBER

External proton W %
v b ////%////

Leon Lederman and colleagues

—

3.0 Bev PROTON BEAM

e







Observation of Long-Lived Neutral V
Particles™

K. LanxpE, E. T. Boorts, J. IMPEDUGLIA, AND L. M. LEDERMAN,
Columbia University, New York, New York
AND

W. CuiNnowsky, Brookhaven National Laboratory,
Upton, New York

(Received July 30, 1956)

The authors are indebted to Professor A. Pais whose
elucidation of the theory directly stimulated this re-
search. The effectiveness of Cosmotron staff collabo-
ration is evidenced by the successful coincident opera-

tion of six magnets and the Cosmotron with the cloud
chamber.



V. Firca AND R. MOTLEY

Palmer Physical Laboratory, Princeton University,
Princeton, New Jersey

(Received November 9, 1955)

URRENTLY the best evidence supports the view
that there are at least two types of K-mesons
in the mass range of 900 to 1000 . The 7 meson
appears not to have both the spin and parity of the

K2 when the experimental data on r decay are compared
with the analysis of Dalitz.! On the other hand, there
is good evidence from range and momentum measure-
ments on the parent particle and from Q-value measure-
ments that the masses of the K,,, the K,,, and 7 are
the same to within one percent.? This situation has led
us to investigate the lifetime of the K+-meson as a
function of its decay mode. Except in the case of 7
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Properties of Heavy Unstable Particles Produced by 1.3-Bev =— Mesons™

R. Buppge,} M. CHreTIEN, J. LEITNER, N. P. Samios, M. ScawArTz,{ AND ]J. STEINBERGER
Physics Depariment, Nevis Cyclotron Laboratories, Columbia University, Irvington-on-Hudson, New York

(Received June 15, 1956)

A propane bubble chamber has been exposed to a #~ beam of 1.3-Bev kinetic energy. The reactions
TH'I'P_"EH'I'E +r
7"+ A1,
7~ 4 p—Z04-0,

can be experimentally distinguished from carbon events. Results based on the first 55 such events are
presented. The center-of-mass production distribution of the £~ is peaked forward, that of the A® backward.
No large anisotropies in the angular correlation of production and decay were found, so that we have no
evidence for spin in excess of 4 for any of the three particles: -, A, or . A study of the relative abundance
of single and double V production indicates that both A° and # have either long-lived ‘“states” or neutral
decay modes. A statistical analysis gives &y0=0.3_o.1271%, &g0=0.3_5.12"2, for the normal charged decay
probabilities (A®—x~+p; ®—=x*-4x") of the A® and &, respectively. One event was analyzed to obtain the
energy released in £~ decay. Z~—r~+n+Q; Q=1184-2.6 Mev. The Z~ lifetime on the basis of 16 decays is
(1.4_p,5%1-6) X 10710 gec,

Four nights of Cosmotron time

Fall 1955



| take a position at Princeton

Fall 1958



The path to the discovery of
CP violation



PHYSICAL REVIEW

VOLUME 100, NU

MBER §

DECEMBER

Note on the Decay and Absorption of the ¢°f

A. Pats,* Columbia University, New York, New YVork and Brookhaven National Laboratory, U pton, New York

AND

Q. Piccront, Brookhaven Nalional Laboratory, Uplon, New York
(Received July 5, 1955)

A suggestion is made on_how to verify experimentally a recent theoretical suggestion that the ¢ meson
is a “particle mixture," ;
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PHVYSICAL REVIEW VOLUME 124, NUMBER ¢4 NOVEMBER 15, 1961

Regeneration of Neutral K Mesons and Their Mass Difference*
R. H. Goop,} R. P. MarseNn,} F. MurLer,§ O. Piccions,| W. M. PowgLr,

H. S. Wurte, W. B. FowLer,** anp R. W. Bmrcetf
Lawrence Radiation Laboratory, University of California, Berkeley, California

(Received June 23, 1961)

INTRODUCTION

T 1s by no means certain that, if the complex ensemble
of phenomena concerning the neutral K mesons were
known without the benefit of the Gell-Mann—Pais
theory,! we could, even today, correctly interpret the

behavior of these particles. That their theory, published
m 1955, actually preceded most of the experimental
evidence known at present, is one of the most astonish-
ing and gratifying successes in the history of the ele-
mentary particles. They advanced the hypothesis that
the two mesons, K° and K, are states of definite strange-
ness but not of definite mean life. The states which
decay with a definite mean life and which, also, have a
definite mass value are two other mesons, K; and K.
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Fic. 17. Angular distribution of all events that originate in
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170<0<280 Mev, P>500 Mev/¢, and T<2.0 mean lives.



VOLUME 6, NUMBER 10 PHYSICAL REVIEW LETTERS May 15, 1961

DECAY PROPERTIES OF K,° MESONS*

D. Neagu, E. O. Okonov, N. I. Petrov, A. M. Rosanova, and V. A. Rusakov

Joint Institute of Nuclear Research, Moscow, U.S.8S.R.
(Received April 20, 1961)

Combining our data with those obtained in refer-
ence 7, we set an upper limit of 0.3 % for the rel-
ative probability of the decay K,°~7-+7+. Our
results on the charge ratio and the degree of the
2 r-decay forbiddenness are in agreement with
each other and provide no indications that time-
reversal invariance fails in K° decay.



PHYSICAL REVIEW VOLUME 132, NUMBER § | DECEMBER

Anomalous Regeneration of K," Mesons from K, Mesons*

L. B. Lerruxer, W. Ciivowsky,} axp R. CRITTENDEN
Brookhaven National Laboratory, U pton, New Vork

AND

R. Apare,} B. Musocrave,§ avp F, T. SmveLyt
Yale Universily, New Haven, Conneclicul
(Received 13 March 1963 ; revised manuscript received 27 August 1963)

A beam of 1.0-BeV /¢ K¢ mesons passing through liquid hydrogen in a bubble chamber was seen to gener-
ate K;® mesons with the momentum and direction of the original beam. The intensity of K,* production
was far greater than that anticipated from conventional mechanisms, and the suggestion is made that the
are produced by coherent regeneration resulting from a new weak long-range interaction between

K {® mesons

1963
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F16. 3. Angular distribution of events which have a 2x-decay
Q value consistent with K,° decay, and a momentum consistent
with the beam momentum. @ is the angle between the total visible
momentum and the incident beam. All events are plotted for which
180 MeV<(Q<270 MeV, $=>800 MeV/c. The black histogram
presents those events in front of the thin window. The solid curve
represents the contribution expected from K,® decays.



Dipion Production at Low Momentum Transfer in =—-p Collisions at 1.5 BeV/c*

A. R. Crark,t J. H. CurisTENsON,§ J. W. CroNIN, AND K. TurLAY§

An excellent detector applied S\

to a less than excellent
experiment () s
1
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F1c. 1. Schematic views of the experimental apparatus. (a)
Plan view, showing all spark chambers and analyzing magnets;
(E) sige view of one decay pion spectrometer. “SC” denotes spark
chamber.



Fic. 26. View of thin foil chamber constructed at Princeton University.
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PROPOSAL FOR K°, DECAY AND INTERACTION EXPERIMENT
S J: W. Cronin, ¥. L. Fitch, R. Turlay
(April 10, 1963)
1. INTRODDCTION
The present propossl wvas largely stimulated by the recent ancsalous
resulis of Adalr et &l., an the coheresnt regeneration of I’l megone: It

is the purpose of this experiment to check these results with a precislon

far tramscending that attained in the previous experisent.| Other results

to be obrained will be & new and much better limic for the partial rate

of 1“1 - 1* - 1'_ a nev limit for the pressnce (or absence)} of neutral

currencs as observed through K, = uh +u . In sddition, if time permits,

ghe coherent regenecation of 11"; in dense materials can be observed
with good accuracy.
11. EXPERTHERTAL APPARATUS

Fortultously the equipsent of this experiment already éxlsts la
operating condition. We propose to use the present 30° neutral beam at
the A.G.5. alang with the di-plon detector and hydrogen target currently
being used by Cronim, e¢ al. ar the Cosmotron. We further propose that
this experiment be done durlng the fortheeming u=p scattering experisent
on & parmsicic basis.

The di-pion apparatus appears ideal for the experisent. The anergy
resolution is better tham 4 Mev in the . or the § valus measuresent.
The origln of the decay cen be locatsd te better than 0.1 fnches. The &
Hov resoluticon {8 to be compared with the 20 Mev in the Adair bubble
chamber. Indesd Lt 1s through the grescly fmproved reaclutien (eoupled
with becter statiscics) that one can expect to get lmproved limits on

the partial decay rates mentioned abowve.




KO flux estimate
was ~ 4x too
optimistic

111. COUNTING RATES

We have made careful Monte Carlo caleulactions of the counting rates

expected. | For anample, using the 30% beam with the detector 60=fc. from
11

tha n.l:.i.-uuu: we could expect 0.6 decay events per 107 elrculacing

rotons Lf che K= went entirely to two plons.| This means that one can

get & limit of about one In & thousand for the parctial rate of II * I
in one hour of operation. The actusl limit is set, of course, by the
pumber of three=body K: decays that look like two-body decays. We have
not as yet made detailed calculations of this. Howevar, it ls cartain
that the excellant resslucion of the apparatus will greatly assist in

arriving at a much better limit.

1f the experisent of Adair, et al. is correct the rate of coherently
regenerated I.l'l in hydrogen will be approximately 80/hour. This 1s to
be compared with a total of 20 events in the original experiment. The
apparatus has enough angular scceptance to detect Inccherently produced
K 's wich uniform efficiency te beyand 15". We esphasize the advantage
of being able to resove the regenerating material (e.g., hydrogen) from
the neutral beam.

Iv. POWER REQUIREMENTS

The power requirements for the experiment are extracrdinarily sodest. '
We must power one lB-in. x Jb—in. magnet for sweeping the beam of charged
particles. The two magnets in the di-plom spectrometer are operated 1in

garies and use a total of 20 law.
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—— DATA: 5211 EVENTS
e —=-- MONTE-CARLO CALCULATION
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(a) Experimental distribution in m* com-

pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-

served events.

(b) Angular distribution of those events

in the range 490 <m* <510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.
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Results for precision
measurements
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VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K, MESON*T

J. H. Christenson, J. W, (':rcmin,I V. L. Fitch,I and R, Turlayg
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,-7n"+77)/
(K,° -~ all charged modes)=(2.0+0,4)% 10~ where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°. The presence of a
two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP, Expressed as



VOLUME 15, NUMBER 2 PHYSICAL REVIEW LETTERS 12 JuLy 1965

EVIDENCE FOR CONSTRUCTIVE INTERFERENCE BETWEEN COHERENTLY REGENERATED
AND CP-NONCONSERVING AMPLITUDES*

V. L. Fitch, R. F. Roth, J. S. Russ, and W. Vernon

Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 3 June 1965)

[
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Ay =0 amp (K,_..n‘n')
Cpnrjﬂﬁ’ﬁ*ﬁ

(nfenferance Ar = LHMA )([S *.‘)
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Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are
also discussed.

cos 0, —sin @, cos 0, —sin @, sin 0,
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The angles and sides of the unitarity triangle can be
measured independently using various B decays.

BY s nta—

B — ptp~

B® — p*1T  (p,m) b— dy
BB’ mixing

sin2¢, : BaBar + Belle

BaBar

No reference yet

0.710+£0.034 £ 0.019

0.5

Belie 0.642 +0.031 + 0.017
H———H
No reference yet
Average H 0.674 + 0.026
HFAG
0.6 0.7 0.8
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